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Available online 8 March 2013Abstract Quiescent neural stem cells (NSCs) are considered the reservoir for adult neurogenesis, generating new neurons
throughout life. Until now, their isolation has not been reported, which has hampered studies of their regulatory mechanisms.
We sorted by FACS quiescent NSCs and their progeny from the subventricular zone (SVZ) of adult mice according to the
expression of the NSC marker LeX/CD15, the EGF receptor (EGFR) and the CD24 in combination with the vital DNA marker
Hoechst 33342. Characterization of sorted cells showed that the LeXbright/EGFR-negative population was enriched in
quiescent cells having an NSC phenotype. In contrast to proliferating NSCs and progenitors, the LeXbright/EGFR-negative cells,
i.e. quiescent NSCs, resisted to a moderate dose of gamma-radiation (4 Gy), entered the cell cycle two days after irradiation
prior to EGFR acquisition and ultimately repopulated the SVZ. We further show that the GABAAR signaling regulates their
cell cycle entry by using specific GABAAR agonists/antagonists and that the radiation-induced depletion of neuroblasts, the
major GABA source, provoked their proliferation in the irradiated SVZ. Our study demonstrates that quiescent NSCs are
specifically enriched in the LeXbright/EGFR-negative population, and identifies the GABAAR signaling as a regulator of the SVZ
niche size by modulating the quiescence of NSCs.
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The adult forebrain contains neural stem cells (NSCs) within the
subventricular zone (SVZ), and these cells ensure neurogenesis
during adulthood (Doetsch et al., 1999a). Adult NSCs succes-
sively give rise to transit amplifying cells (TACs) and then
neuroblasts. Neuroblasts then migrate in chains to the
olfactory bulbs, where they differentiate into neurons (Lois et
al., 1996). Adult-born neurons in the olfactory bulbs are critical
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known as type B cells, contact the lateral ventricle, have an
astrocytic phenotype and express Glial Fibrillary Acidic Protein
(GFAP) (Doetsch et al., 1999a; Garcia et al., 2004). NSCs also
express the cell surface carbohydrate Lewis X (LeX)/CD15
(Capela and Temple, 2002; Obermair et al., 2010).
Adult NSCs have been considered relatively quiescent,
with a cell cycle length lasting several days under physio-
logical conditions, in contrast to 12 h for TACs (Morshead et
al., 1994). Killing the constitutively proliferating cells in the
SVZ using antimitotic drugs leaves quiescent NSCs intact, has
few effects on the number of NSCs and results in a complete
recovery of neurogenesis in the SVZ through repopulation
from the relatively quiescent NSCs (Doetsch et al., 1999b;
Morshead et al., 1994). Similarly, exposure of the adult
brain to a moderate dose of ionizing radiation provokes the
death of proliferating cells, such as TACs and neuroblasts
(Chevalier et al., 2012; Shinohara et al., 1997; Tada et al.,
1999). This phenomenon is followed by NSC proliferation and
the recovery of cells in the SVZ, suggesting that quiescent
NSCs are activated to re-enter the cell cycle with major
alterations in oxidative metabolism (Chevalier et al., 2012).
Using GFAP::GFP transgenic mice combined with CD24 and a
fluorophore-complexed EGF ligand, Pastrana et al. reported
the appearance of cycling NSCs with a GFAP+EGFR+ pheno-
type after exposure to an antimitotic drug; using a FACS
approach, the authors prospectively isolated these activated
NSCs (Pastrana et al., 2009). These findings suggest that a
population of quiescent NSCs exists that are capable of
re-entering the cell cycle and restoring neurogenesis after
SVZ depletion. However, recent studies fail to show that
quiescent adult NSCs exist outside the cell cycle and remain
in stasis until activated by appropriate proliferative signals,
and to-date, no prospective methods have been reported to
sort this population of cells.
GABAA receptors (GABAAR) are heteropentameric ion
channels with prevalent expression on immature cells,
including astrocyte-like SVZ cells, TACs and neuroblasts
(Platel et al., 2010). Previous studies reveal that GABAAR
activation decreases the proliferation of embryonic
neocortical progenitors (Haydar et al., 2000; LoTurco
et al., 1995; Wang et al., 2003), early postnatal neural
progenitors (Nguyen et al., 2003) and adult NSCs and TACs
(Fernando et al., 2011; Liu et al., 2005). In the SVZ, GABA
produced by neuroblasts exerts a feedback mechanism
inhibiting the proliferation of astrocyte-like SVZ cells (Liu
et al., 2005). The inhibition of GABAAR signaling resulting
from an endogenous expression of Diazepam binding
inhibitor in TACs stimulates their proliferation in the
early postnatal SVZ (Alfonso et al., 2012). Downstream
GABA signaling in NSCs has been linked to histone H2AX
phosphorylation, which limits proliferation (Fernando et
al., 2011); however, the effects of GABA signaling on NSC
exiting quiescence or in the activation of NSCs have yet to
be determined. Further investigations are warranted to
identify whether perturbations of GABA neurotransmitter
signaling upon injury impact the recruitment and prolifer-
ation of NSCs.
Here, we isolated quiescent NSCs and activated NSCs
and demonstrated that the stress-induced elimination
of neuroblasts provokes NSCs to exit quiescence through
limitations in GABA inhibitory signaling.Materials and methods
Animals and irradiation procedure
Young adult (2–3 months old) C57Bl/6 mice were used in this
study. The animals were maintained with access to food and
water ad libitum in a colony room kept at a constant
temperature (19 °C–22 °C) and humidity (40–50%) on a
12:12 h light/dark cycle. For cell cycle analysis, transgenic
Fluorescence Ubiquitination Cell Cycle Indicator (FUCCI) green
mice were used (Sakaue-Sawano et al., 2008). Mice were
anesthetized with ketamine anesthesia (75 mg/kg, Imalgen,
Merial, Lyon, France) and medetomidine (1 mg/kg, Domitor,
Pfizer, Paris, France), and the entire head was exposed to a
60Co source in a medical irradiator (Alcyon); one lead shield
protected the rest of the body during 60Co exposure. A total
dose of 4 Gy was given (1 Gy/min). After exposure, an
intraperitoneal (i.p.) injection of atipamezole (1 mg/kg,
Antisedan, Pfizer, Paris, France) was used to reverse the
anesthesia.
Animal experiments were carried out in compliance with
the European Communities Council Directive of November
24, 1986 (86/609/EEC) and were approved by our institu-
tional committee on animal welfare (CETEA-CEA DSV IdF).
Drug administration
In vivo treatments involved the i.p. administration of muscimol
(Sigma, 4 mg/kg) or bicuculline (Sigma, 4 mg/kg) twice daily
as previously reported (Fernando et al., 2011).
Immunofluorescence
Deeply anesthetized animals received an intra-cardiac
perfusion of 4% paraformaldehyde in 0.1 M sodium phos-
phate, pH 7.4. Brains were post-fixed for 2 h in 4% PFA,
cryoprotected in incrementing 10–30% sucrose/PBS. Serial
coronal cryostat sections were made at 14 μm of thickness.
Brain sections were blocked in phosphate buffered saline
(PBS) containing 0.1% Triton X100 and were incubated with
primary antibody overnight at 4 °C. The following primary
antibodies were used: mouse anti-GFAP (1:400, Mab3402,
Millipore), rabbit polyclonal anti-GFAP (1:400, Sigma),
anti-GFAP-647-conjugated (GA5) (1:400, mAb3657, Cell Sig-
naling), mouse anti-BrdU (1:300, RPN202, GE Healthcare),
goat anti-Dcx (1:200, clone C-18 sc-8066, SantaCruz), mouse
anti-Nestin (1:100, BD), rabbit anti-cleaved caspase-3
(Asp175) (1:100, mAb9579, Cell Signaling), mouse anti-Mash1
(1:100, mAb556604, BD Biosciences), rabbit anti-monomeric
Azami-Green 1 (1:200, PM052, Clinisciences), mouse IgG1
anti-EGFR (1:100, BD Biosciences), rabbit anti-phospho-Rb ser
807/811 (1:200 Cell Signaling), and rabbit anti-acetyl and
phosphor-histone H3 Lys9/Ser10 (1:100 Cell Signaling). After
several washes in PBS containing 0.1% Triton X-100, slices
were incubated with the appropriate secondary antibody
(Alexa Fluor series at 1:200, Invitrogen, USA) for 2 h at room
temperature. To label cycling cells, BrdU was injected
intraperitoneally 3 h before the mice were sacrificed; BrdU
was revealed using anti-BrdU kit (Amersham) after a pretreat-
ment of slices with DNAse (Sigma). Staining was replicated in
at least 2–3 slices from three different mice. Z-stacks were
518 M. Daynac et al.acquired on a laser-scanning confocal microscope (Olympus
FluoView 1000) with a 40× oil immersion objective. The
number of cells (Mash1+, Dcx+, FUCCI green+ or BrdU+) was
quantified in each Z-section. Images were analyzed using LAS
LF (Bitplane AG, Switzerland) and reconstructed in Image J
and Photoshop CS3 (Adobe, USA).
Preparation of SVZ cells and FACS
Lateral ventricle walls containing cells from the SVZ were
microdissected under a binocular dissection microscope and
collected in a cold 0.6% glucose/PBS solution. SVZ cells were
incubated at 37 °C with papain and then dissociated into
single-cell suspensions by flushing the cells through a p200
micropipette tip, as previously described (Sii-Felice et al.,
2008). Experiments were conducted to efficiently dissociate
cells without affecting antibody binding, and the optimal
dissociation time was determined to be 10 min. For DNA
content analysis, dissociated cells were incubated for 1 h
30 min at 37 °C with 5 μg/mL Hoechst 33342 (Sigma) in
DMEM:F12 medium supplemented with 2% B27 (Mouthon et
al., 2006). Then, the cells were washed in PBS containing
0.15% bovine serum albumin. For mouse cell-surface marker
analysis, we used CD24 phycoerythrin [PE]-conjugated (rat
IgG2b; 1:50 BD Biosciences), LeX/CD15 fluorescein isothiocy-
anate [FITC]-conjugated (mouse IgM; 1:50 BD Biosciences),
Alexa647-conjugated EGF (1:200, Life Technologies), and
APC-conjugated anti-Glutamate Aspartate Transporter
(GLAST) antibodies (ACSA-1 mouse/rat, 1:10 MACS Miltenyi
Biotec). Antibodies were titrated over a semi-log scale to
determine the appropriate dilution in the PBS/0.15%
bovine albumin serum solution and then incubated at 4 °C
for 25 min. The cells were washed prior to sorting or
analysis. Immediately prior to FACS, propidium iodide (PI)
or Hoechst 33258 was added to a final concentration of
2 μg/mL to label dead cells. The cells were analyzed on a
LSRII (BD Biosciences) and sorted on an INFLUX (BD Bio-
sciences). Sorting gates were drawn according to fluorescence
minus one (FMO) controls. Only living cells were analyzed for
the surface expression whereas dying cells and doublets were
excluded. Ependymal cells expressing a high level of CD24
(Pastrana et al., 2009) were outside the gates. The data were
analyzed using FlowJo software (Tree Star, Ashland, OR).
Labeling of cells that contact the ventricle with Dil
An intra-ventricular injection of lipophilic carbocyanine
SP-DiIC18 (3) (5 μL at 20 μg/mL; Invitrogen) was performed
using a stereotaxic apparatus (David Kopf model 900 Small
Animal Stereotaxic Instrument) 24 h prior to microdissection.
CD24-positive and -negative SVZ cells were sorted using
CD24-PE and anti-PE immunomagnetic beads on a LD column
(Miltenyi Biotec).
Cultures of sorted SVZ cells
For neurosphere cultures, sorted cells were plated at a
density of 1–3 × 103 cells/well in 24-well tissue culture
plates (TPP, Switzerland). The culture medium was com-
posed of NeuroCult medium complemented with the
proliferation supplement (STEMCELL Technologies), 2 μg/mLheparin, 20 ng/mL EGF and 10 ng/mL FGF-2. Seven days after
plating, the neurospheres were counted, mechanically disso-
ciated and subcultured in 6-well plates.
For adherent cultures, sorted cells were plated on poly-D
lysine coated plates in DMEM:F12 supplemented with 2% B27,
without growth factors (Costa et al., 2011).
The cultures were incubated at 37 °C in a humidified
atmosphere containing 5% CO2.
RNA isolation and qRT-PCR
After sorting, cells were immediately lysed in RLT-Plus buffer
(QIAGEN). Total RNA was isolated with the RNeasy MICRO kit
(QIAGEN) according to the manufacturer's instructions.
Q-PCR was performed on an ABI PRISM 7200 Sequence
Detector System using SYBR Green for RT-PCR. cDNA was
synthesized using the Reverse Transcription High Capacity
Master Mix (Applied Biosystems) with specific primers
(Eurogentec). Expression levels were normalized to GAPDH.
Statistical analyses
Non-parametric tests were conducted using StatView5 software
(SAS Institute Inc., Cary, NC); the Kruskall–Wallis test was used
formultiple comparisons, and theMann–Whitney test was used
for two comparisons. The statistical significance was set at
P b 0.05. The data are expressed as the mean ± SEM.
Results
Sorting of NSCs and their progeny in the adult SVZ
To isolate NSCs and their progeny by FACS from the adult mouse
SVZ, we used the reputed stem/progenitor marker LeX (Capela
and Temple, 2002) combined with an anti-CD24 antibody to
label neuroblasts (Calaora et al., 1996) and a fluorescent EGF to
label EGFR on actively proliferating cells (Pastrana et al., 2009).
Six populations have been sorted according to FACS gating
(Fig. 1A and Fig. S1A) and were analyzed for cell-type-specific
markers by immuno-phenotyping, qRT-PCR and their capacity
to form colonies in vitro (Figs. 1B–E).
(i) The most abundant sorted SVZ population was
CD24+LeX−EGFR− cells (hereafter called CD24+),
representing 26.6 ± 0.6% of SVZ cells, and was mostly
composed of neuroblasts as they expressed the specific
marker Dcx (Brown et al., 2003) (Figs. 1B, C and Fig.
S1D). Consistently with the cell cycle exit of neuroblasts,
those cells were unable to form colonies in vitro (Fig. S2).
(ii) The CD24+LeX−EGFR+ population (hereafter called
CD24+EGFR+, 4.3 ± 0.2% of SVZ cells) contained a
majority of Dcx+ neuroblasts. However, most of
CD24+EGFR+ cells also expressed Mash1 (Figs. 1C, D and
Fig. S1D), a basic helix–loop–helix transcription factor
expressed in TACs (Parras et al., 2004). Moreover, these
cells were able to proliferate in vitro, forming
neurospheres (Fig. S2), arguing that this population
corresponded to immature neuroblasts.
(iii) The CD24−LeX−EGFR+ population (hereafter called
EGFR+; 2.5 ± 0.2% of SVZ cells) was mostly composed of
Mash1+ cells but was devoid of Dcx and GFAP (Figs. 1B–D)
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Figure 1 Purification of stem cells and their progeny from the adult SVZ. FACS plots are shown for fluorescence minus one (FMO)
controls (upper panel in A) and LeX/CD24/EGFR triple staining (lower panel in A). FACS-sorted populations were immuno-phenotyped
for GFAP, Mash1 and Dcx (B–C), and the expression of specific mRNAs was quantified by qRT-PCR (D). (E) GFAP/Nestin double
immunostaining of LeXbright and LeXdim cells. (F) After intra-ventricular Dil injection and the removal of CD24+ cells, FACS analyses
showed that the Dil+ cells, i.e. the cells contacting the lateral ventricle, were mostly LeX-positive cells. Data were obtained from 3 to
10 independent experiments. *P b 0.05, **P b 0.01. Scale bars: 10 μm.
519Activation of quiescent neural stem cellsand, in addition, EGFR+ cells formed neurospheres
(Fig. S2). These data confirm that the EGFR+ population
is mostly composed of TACs.
(iv) CD24−LeX+EGFR+ cells (hereafter called LeX+EGFR+;
1.0 ± 0.1% of SVZ cells) expressed Mash1 together with
GFAP and GLAST (Figs. 1B–D and Fig. S1C), another
astroglial markers expressed on NSCs (Mori et al., 2006).
Remarkably, LeX+EGFR+ cells had the greatest capacity
to form self-renewing secondary neurospheres (Fig.
S2B). LeX+EGFR+ population had also the highest
colony-forming capacity in adherent cultures (Fig. S2C),
forming clones with both astrocytes and neuroblasts,
reminiscent of an asymmetrical NSC division (Costa et
al., 2011). Therefore, these data show that theproliferating NSCs were contained in the LeX+EGFR+
population.
The CD24−LeX+EGFR− population was split into two
distinct populations according to the expression level of
LeX: (v) LeXdim cells (8.6 ± 0.4% of SVZ cells) and (vi)
LeXbright cells (1.3 ± 0.1% of SVZ cells). Neither LeXbright
population nor LeXdim population was able to form clones in
vitro (Figs. S2A–C). Nestin immuno-phenotyping was thus
assessed to investigate the presence of NSCs in these
populations. LeXdim population was mostly composed of
GFAP+Nestin− mature astrocytes (73%) and contained only
8% of GFAP+Nestin+ cells (Fig. 1E). By contrast, LeXbright
population was noticeably enriched in GFAP+Nestin+ cells
520 M. Daynac et al.(48.9%) (Fig. 1E) and expressed genes for GFAP, GLAST and
Tlx, reminiscent of their NSC phenotype. These cells did not
express genes for EGFR and Mash1 two markers of TACs and
activated NSCs (Figs. 1C–D).
A cardinal characteristic of NSCs is that they contact the
lateral ventricle, exposing their primary cilia to the flow of
the cerebrospinal fluid (Doetsch et al., 1999a). Thus, a
fluorescent Dil cell tracer was injected into the lateral
ventricle to label cells contacting the lateral ventricle
before cell sorting. Analysis of the repartition of the Dil+
cells among CD24 negative populations shows that 17.9% was
in the LeX+EGFR+ population corresponding to activated
NSCs and 27% in the LeXbright population (Fig. 1F). This result
shows that LeXbright cells contact the ventricle, in accordance
with the presence of NSCs in this sorted population. Altogether
these data suggest that LeXbright population is enriched in
candidate NSCs and was thus further characterized.LeXbright population contains quiescent NSCs
To gain insight into the cell cycling of the different cell
populations, the proportion of cells with DNA content N 2 N,
i.e., cells in the S/G2/M phases of the cell cycle, was
determined using vital DNA staining with Hoechst 33342
(Mouthon et al., 2006). The proportion of S/G2/M cells was
27.7% in the LeX+EGFR+ and 27.4% in the EGFR+ populations;
this proportion was even higher in the CD24+EGFR+ popula-
tion (35.5%; Fig. 2A′). However, CD24+ cells proliferated to a
lesser extent (7%), and the LeXbright cells underwent limited
DNA synthesis (0.2%; Fig. 2A′).
Cell cycle analysis was further assessed using FUCCI green
mice in which cells are green during the S/G2 phases and
colorless for the rest of the cell cycle (Sakaue-Sawano et al.,
2008) (Fig. 2B). This approach confirmed that actively cycling
populations were contained in the EGFR-expressing popula-
tions, with the highest level of S/G2 cells (40.0%) in the
CD24+EGFR+ population (Fig. 2B′). The EGFR− population that
contained the LeXbright population was almost completely
devoid of proliferating green cells (0.5%; Fig. 2B′); this supports
the hypothesis that these cells contain quiescent NSCs.
Cyclins are cell cycle regulators; their mRNA expression
levels depend on the phase of the cell cycle. The expression
of cyclins was examined in sorted SVZ populations (Fig. 2C).
Cyclin C is required for cells to exit the G0 phase and enter
the cell cycle (Ren and Rollins, 2004). Cyclin C is expressed
in LeXbright cells at the same level as in other SVZ
populations. As expected, populations expressing EGFR had
the highest expression levels for all cyclins associated with
cell cycle progression, i.e. cyclin D1 during G1, cyclin A2
during S, and cyclin B1 during G2/M. Notably, CD24+EGFR+
cells had the highest levels of cyclin B1 and Ki67, which is
consistent with their high proliferative activity observed
above. Ki67 mRNA expression was also directly correlated
with the proliferative state of the SVZ populations. Remark-
ably, LeXbright cells had nearly undetectable levels of Ki67
and other cyclins associated with cell cycle progression.
Altogether, these findings confirm that our sorting strategy
allows the prospective isolation of the main populations of
adult SVZ, such as activated NSCs and TACs, and can serve as a
powerful tool for sorting quiescent NSCs within the LeXbright
population.LeXbright cells resist radiation and allow repopulation
of the SVZ
We tested the capacity of quiescent NSCs to resist genotoxic
stress and to repopulate the SVZ after whole brain irradiation.
Irradiation with gamma-radiation at a dose of 4 Gy provoked a
high level of p53-dependent apoptosis of SVZ cells within hours
(Fig. S3A), in accordance with a previous report (Chow et al.,
2000). In situ analyses revealed that the number of proliferating
cells, TACs and neuroblasts, such as BrdU+, Mash1+ and Dcx+,
dropped by more than 90% 48 h after irradiation (Figs. 3B–D).
By contrast, the amount of GFAP+ cells lining the lateral
ventricle, evocative of NSCs, appeared not altered by irradia-
tion (Fig. 3A). These GFAP+ cells presented a transient increase
in DNA damage shown by the formation of γH2AX foci, a
marker for DNA double strand breaks (Figs. S8A–B). After-
wards, the number of γH2AX foci returned to normal values
at 48 h after exposure suggesting that NSCs had repaired
their DNA damages (Figs. S8A–B). Remarkably, Mash1+ and
BrdU+ cells recovered thereafter with levels greater than
the normal values for Mash1+ cells at day 7 and the recovery
of Mash1+ TACs preceded the recovery of neuroblasts, in
agreement with the chronologic differentiation process
(Figs. 3B–D). All tested markers recovered to normal levels
at day 14. In addition, qRT-PCR on whole SVZ cells
confirmed that NSC markers, such as GLAST and TLX, were
maintained 24–48 h after irradiation, whereas markers for
TACs (Mash1, Sox2, Nestin) and neuroblasts (Dcx), as well as
Ki67, were profoundly reduced (Fig. 3E).
To confirm that the radio-resistant NSCs were able to give
rise to progeny, we performed a single injection of BrdU 48 h
after irradiation; 3 days later, we observed Dcx+BrdU+ cells in
the SVZ (Fig. S4B). Then, we injected BrdU between 48 h and
4 days after exposure (1 injection/day for 3 days), followed by
a chase of 16 days. GFAP-positive cells that retained long-term
BrdU labeling were present in the SVZ (Fig. S4D), reminiscent of
slowly dividing NSCs (Morshead et al., 1994). Moreover,
Dcx+BrdU+ cells were observed in the olfactory bulbs (Fig.
S4E), confirming that NSCs proliferating early after irradiation
were able to produce neuroblasts that migrate into the
olfactory bulbs.
We used our FACS method to evaluate the effects of
irradiation on the different SVZ cell populations. The decreased
numbers of proliferating cells in the SVZ 48 h after exposure
were confirmed both by analyzing the proportion of cells with
DNA content N 2 N and by using FUCCI green mice (Figs. S5A,
B). A decrease in the LeX+EGFR+, EGFR+, CD24+EGFR+ and
CD24+ populations was observed shortly after irradiation with a
minimum at 24–48 h (Fig. 3F and Fig. S6). Concomitantly,
LeXbright cells showed a relative increase, being 6 times more
abundant than LeX+EGFR+, EGFR+ at 48 h (Fig. S6), revealing
their resistance to radiation. Thereafter, LeX+EGFR+, EGFR+,
CD24+EGFR+ and CD24+ recovered successively, in agreement
with their differentiation stage, and all populations reached
normal levels at day 10 and remained stable for one year after
exposure (Fig. 3F and Figs. S8C, D).
We have previously shown that brain exposure with a
total radiation dose of 15 Gy divided into three doses of
5 Gy that were delivered at 48 h intervals blocks perma-
nently SVZ neurogenesis, while NSCs are preserved for
long-term (Pineda et al., 2013). Consistently, we observed
that two months after 3 × 5 Gy irradiation the levels of
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521Activation of quiescent neural stem cellsLeX+EGFR+, EGFR+, CD24+EGFR+ and CD24+ cells were
strongly reduced whereas LeXbright cells were still present
with a level even higher than in non-irradiated controls
(Fig. S6).
Therefore, whereas most proliferating SVZ cells, including
activated NSCs, TACs and neuroblasts, are highly sensitive to
radiation and died shortly after exposure, our findings strongly
suggest that quiescent NSCs with a LeXbright phenotype arehighly resistant to radiation, allowing the recovery of
neurogenesis after moderate radiation dose.
LeXbright cells enter S-phase following exposure
prior to EGFR acquisition
Recovery of the SVZ appeared to start 48 h after exposure to
4 Gy, while pycnotic nuclei were still observed among
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522 M. Daynac et al.BrdU-positive or FUCCI green-positive cells at 24 h (Fig.
S3B). Therefore, we injected BrdU 46 h after exposure and
examined the first cells entering the S phase 2 h later.
Forty-eight hours after irradiation, most BrdU+ cells
expressed GFAP (142 ± 16 cells along the whole SVZ), and
81 ± 4% of these BrdU+GFAP+ cells contacted the lateral
ventricle and therefore had an NSC phenotype (Figs. 4A, G).
However, incorporation of BrdU was never observed in
ependymal cells, i.e. cells lining the ventricle, which is
different to what was observed after stroke (Carlen et al.,2009). In situ analysis of GFAP expression in FUCCI green
cells or in cells expressing phosphorylated retinoblastoma
protein or the phosphorylated H3 histone, confirmed that
astrocyte-like NSCs were cycling at 48 h post irradiation
(Figs. 4B–D). Remarkably, most, if not all, of these
proliferating NSCs lacked EGFR expression at this time and
showed weak Mash1 expression (Figs. 4C, E′), suggesting that
these proliferating NSCs were in an early phase of activation.
Cell cycle entry of NSCs was further analyzed by FACS,
focusing on the populations of cells that progressed through
523Activation of quiescent neural stem cellsthe S/G2 phases for cells obtained from irradiated FUCCI
mice or through the S/G2/M phases based on their DNA
content. Activated NSCs and TACs contained in the LeX+EGFR+
and EGFR+ populations or in the EGFR+ population of FUCCI
green mice, were highly proliferating prior to irradiation and
showed a dramatic decrease 48 h after exposure (Figs. 4H, J
and K). By contrast, the EGFR− population of FUCCI greenmice,
containing LeXbright NSCs, entered cell cycle after irradiation
(Fig. 4I). We observed that S-phase entry of this EGFR−
population peaked 48 h after irradiation, with 67.5% of
those cells within the FUCCI green population, followed by a
progressive recovery to reach normal values by day 7 (Fig. S5C).4Gy 48h
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524 M. Daynac et al.2012). Similarly, GABA released by neuroblasts in the SVZ exerts
inhibitory control on the proliferation of astrocytic-like NSCs
through GABAAR (Liu et al., 2005). Inhibition of GABAAR
signaling by its antagonist bicuculline has been shown to
stimulate the proliferation of TACs and NSCs in the SVZ
(Fernando et al., 2011) but its effect on quiescent NSCs is not
known. To test whether GABAAR signaling blocks cell cycle
progression of quiescent NSCs, the effects of bicuculline were
examined in vivo in the absence of irradiation. The cell cycle
distribution for LeX+EGFR+, EGFR+, i.e. activated NSCs and
TACs, remained unaltered (Figs. 5B, C). Interestingly, the
LeXbright population showed an increase by 6.4-fold of prolifer-
ating cells (DNA N 2 N) 24 h after bicuculline administration
(Fig. 5A), consistently with the cell cycle entry of quiescent
NSCs. Most certainly as a direct consequence of cell cycle entry
of quiescent NSCs, the percentage of activated NSCs was
increased 24 h after bicuculline treatment in non-irradiated
mice (Fig. 5B′), whereas the level of TACs was not altered at
that time (Fig. 5C′).
Due to the death of almost all neuroblasts after
irradiation (Fig. 3) the major source of GABA disappeared
shortly after exposure. Thus, we explored whether the loss
of GABA signals could participate in the cell cycle entry
of NSCs observed after irradiation. For that purpose,
muscimol, a GABAAR agonist, or bicuculline was daily
administered in vivo immediately after irradiation of
the mice until the end of the analysis. Four days after
irradiation, clusters of pRb-positive cycling cells, mostly
GFAP−Mash1+ TACs, were already observed in the SVZ
from non-treated irradiated mice (Figs. 5D, D′). In sharp
contrast, only scattered pRb-positive cells, mostly
GFAP+Mash1− NSCs, were observed in muscimol-treated
mice (Figs. 5E, E′). These observations are consistent with a
muscimol-induced delay in the activation of NSCs and/or
their differentiation. As there was no increase in pyknotic
cells (data not shown), we ruled out the possibility that
muscimol's inhibitory effect was due to cell death.
FACS analysis provided further evidence that muscimol
delayed the recovery of the SVZ populations. In particular,
examination of cycling SVZ cells with DNA content N 2 N,
showed that muscimol delayed proliferation 96 h after
exposure compared to control mice and that normal
proliferation was recovered after 6 days (Fig. 5F). In
addition, LeX+EGFR+ (activated NSCs) and EGFR+ (TACs)
were below the basal levels at 96 h after irradiation in
muscimol-treated mice, whereas these populations had
already recovered normal values in non-muscimol treated
irradiated mice (Fig. 5G). Neurogenesis recovered later in
muscimol-treated mice, starting 96 h after irradiation, in
spite of daily administration of the drug (Figs. S7A–E),
confirming that muscimol treatment only delayed the
activation of quiescent NSCs but had an innocuous effect
on SVZ cells afterwards. On the other hand, bicuculline
administration significantly improved the recovery of
LeX+EGFR+ and EGFR+ at 7 days after irradiation (Figs.
S7G, H) and this was associated with a higher level of
cycling cells in both LeXbright and LeX+EGFR+ NSCs (data
not shown).
Our data strongly suggest that GABA maintains NSCs in a
quiescent state under physiological conditions and that loss
of GABAAR signaling following irradiation provokes quiescent
NSCs to exit dormancy.Discussion
Here, we report on a FACSmethod that is able to prospectively
sort quiescent NSCs with a LeXbright phenotype and to
distinguish them from their proliferating counterparts. Using
a dynamic model of neurogenic niche restoration in the adult
mouse SVZ, we show that quiescent NSCs, in contrast to
their proliferating counterparts, are able to resist to
gamma-radiation and then enter the cell cycle rapidly after
exposure, allowing efficient recovery of neurogenesis for long
term. In addition, we demonstrate that the decrease in
GABAAR signaling resulting from the depletion of neuroblasts,
the major GABA source in the SVZ, allowed quiescent NSCs to
enter the cell cycle in the irradiated brain. Therefore,
our study identifies GABAAR signaling as a mechanism for
controlling the size of the NSC niche through the regulation of
NSC quiescence.
A FACS strategy to isolate quiescent NSCs
The existence of quiescent NSCs has been reported previ-
ously with the assumption that this population of NSCs resists
anti-mitotic treatments (Doetsch et al., 1999b; Morshead
et al., 1994). Later studies provided evidence that the
majority of NSCs do not express the cycling marker Ki67, and
several signaling pathways controlling quiescence have been
previously revealed (Groszer et al., 2006; Kippin et al.,
2005). Although the regulation of quiescence in NSCs is a
central requirement for long-term neurogenesis mainte-
nance, this population had not been isolated and its
regulatory mechanisms were poorly understood. We have
developed a FACS method to sort quiescent NSCs and their
progeny by flow cytometry using the NSC marker LeX and the
vital DNA marker Hoechst 33342, in combination with CD24
and EGFR labeling, without the need of transgenic mice.
Sorted LeX-positive cells bear typical features of astro-
cytes with NSC features. Indeed, they express GFAP, GLAST
and TLX and line the lateral ventricle. Some LeX-positive
astrocytic-like cells expressed EGFR with typical features of
activated NSCs, as previously reported (Pastrana et al.,
2009). The remaining LeX-positive cells negative for EGFR
were contained in the LeXdim population, which is mostly
composed of mature astrocytes because they lack nestin
expression, and in the LeXbright population, which is
primarily enriched in cells with the typical GFAP+Nestin+
phenotype of adult NSCs (Doetsch, 2003).
Our data draw a direct correlation between cell cycle
activity and EGFR expression: actively proliferating SVZ cells
are contained in the EGFR-positive populations. Moreover, the
capacity to generate clones in vitro, both in neurospheres
and in adherent cultures, was retained in the EGFR-positive
populations and contained activated NSCs, TACs and young
neuroblasts, in accordance with former studies (Doetsch et
al., 2002; Pastrana et al., 2009).
One-third of the LeX-positive cells retained the BrdU for
long-term, reminiscent of slowly dividing quiescent NSCs
(Capela and Temple, 2002). By measuring DNA content,
FUCCI green and the expression of cyclin mRNA, we found
that the activated NSCs are enclosed in the LeX+EGFR+
population, whereas the LeXbright population is supposed to
contain quiescent NSCs. Although LeXbright cells were unable
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526 M. Daynac et al.to generate clones in vitro, we show that they enter the cell
cycle either following irradiation or after treatment with a
specific GABAAR signaling antagonist consistently with the
presence of quiescent NSCs in this population.
Therefore, our FACS strategy makes it possible, for the
first time, to sort quiescent NSCs and their progeny
according to their status in the cell cycle, providing an
important step toward the elucidation of the mechanisms
that underlie the change between quiescent and cycling
populations.
Irradiation provokes cell cycle entry of quiescent NSCs
Anti-mitotic treatments, such as arabinoside cytosine and
3HTdR, eliminate cycling cells, whereas NSCs resist treat-
ment and allow repopulation of the SVZ (Doetsch et al.,
1999b; Morshead et al., 1994). Similarly, irradiation of the
brain provokes the apoptosis of proliferating cells in the SVZ
and, in moderate doses, proliferation restarts 2–3 days after
exposure, most likely by recruiting relatively quiescent
NSCs (Bellinzona et al., 1996; Shinohara et al., 1997). In
agreement, we showed a spontaneous recovery of SVZ
populations after exposure to 4 Gy. By contrast, exposure
to 15 Gy causes a permanent inhibition of proliferation and
neurogenesis in the SVZ (Lazarini et al., 2009) that is a direct
consequence of the alteration of the NSC niche (Pineda et
al., 2013). The great majority of cycling SVZ cells, including
activated NSCs and their progeny, died shortly after
radiation exposure through a p53-dependent mechanism
while leaving most of the quiescent LeXbright NSCs alive for
long term, even after 15 Gy exposure, confirming our
previous observation (Pineda et al., 2013).
Acute examination of cycling cells with different FACS/in
situ methods (BrdU, FUCCI green, pRb) provided evidence
that 48 h after 4 Gy irradiation, the majority of proliferating
cells were NSCs, GFAP+ or LeX+, but negative for EGFR.
Follow-up of the fate of these proliferating cells by BrdU
incorporation confirmed that they give rise to neuroblasts
migrating to the olfactory bulbs. Therefore, quiescent NSCs
entered the S phase following irradiation and prior to the
acquisition of EGFR and the expression of Mash1, revealing
that EGFR signaling is not necessary for quiescent NSCs to
enter the cell cycle. We propose that these cycling
astrocytic-like cells that are negative for EGFR represent
the earliest activation stage for quiescent NSCs.
GABAAR signaling regulates the quiescent status
of NSCs
GABA released from neuroblasts in the SVZ is involved in a
feedback mechanism acting as a paracrine stop signal for
neuronal proliferation (Liu et al., 2005; Nguyen et al., 2003;
Wang et al., 2003); it activates GABAAR signaling in NSCs,
thereby limiting their progression through the cell cycle
(Fernando et al., 2011; Liu et al., 2005). However, GABA's
inhibitory mechanism is counteracted in TACs by the
endogenous expression of Diazepam binding inhibitor,
which favors TAC proliferation (Alfonso et al., 2012). By
blocking GABAAR signaling with the administration of
bicuculline, a specific antagonist, Fernando et al. reported
on the stimulation of the proliferation of NSCs in vivo, withoutdetermining whether the cells were quiescent before the
treatment (Fernando et al., 2011). Here, we showed that
blocking GABAAR signaling in the adult SVZ of non-irradiated
mice influenced specifically the cell cycle entry of quiescent
NSCs contained in the LeXbright population and was associated
with the increase in the level of activated NSCs but not of
quiescent NSCs. These data strongly argue that the blockade
of GABAAR signaling provokes the cell cycle entry of quiescent
NSCs and their subsequent asymmetric divisions.
Irradiation induces death in the majority of neuroblasts,
thereby reducing the source of GABA in the SVZ. In vivo
administration of the GABAAR agonist muscimol after
irradiation delayed both the entry of NSCs into the cell
cycle and the recovery of neurogenesis. Nonetheless, the
recovery of neurogenesis after irradiation was delayed but
not totally blocked in the presence of muscimol, most likely
due to the presence of endogenous GABAAR inhibitory
signaling (Alfonso et al., 2012) and/or the relatively short
half-life of muscimol in vivo (Michelot and Melendez-Howell,
2003). On the other hand, blockade of GABAAR signaling with
bicuculline increased the cell cycle entry of NSCs after
irradiation and the resulting recovery of activated NSCs and
TACs but had no effect on the recovery of neuroblasts. Thus,
bicuculline might be used as mitigator to stimulate early
neurogenesis after radiation exposure but should be com-
bined with factor(s) favoring neuronal differentiation to
foster the repopulation of the SVZ.
Our data demonstrate that the loss of GABAAR signaling in
quiescent NSCs provokes their entry into the cell cycle. We
propose that this signaling may regulate the size of the SVZ
niche. When the SVZ niche contains a sufficient number of
neuroblasts, NSCs are maintained in a quiescent state,
whereas they enter the cell cycle to replenish the niche
when neuroblasts are lost. One might envision that similar
regulatory mechanisms apply also for the NSCs in the SGZ of
the hippocampus. Indeed, a similar effect of irradiation on
cell death, proliferation and neurogenesis recovery has also
been reported in the SGZ following 4 Gy exposure that is the
same dose that we used in the present study (Ben Abdallah
et al., 2007). Moreover, it has been recently shown that
NSCs in the hippocampus respond tonically to GABA released
by interneurons and exit from quiescence after conditional
deletion of GABA receptor (Song et al., 2012). These data
highlight the importance of drugs targeting GABAAR signaling
in adult quiescent NSC cell-cycle entry and provide an
attractive approach for the development of regenerative
therapies based on stimulating endogenous neurogenesis.
They are also particularly relevant because many drugs that
are used clinically to treat anxiety or epilepsy operate by
targeting GABAAR signaling.Conclusions
Our sorting technique, combined with the model of neu-
rogenesis recovery after irradiation, should prove useful for
the elucidation of themolecularmechanisms that regulate the
balance between quiescent and activated NSCs. In addition,
we have shown that it is feasible to stimulate early phases of
neurogenesis by recruiting endogenous quiescent NSCs after
radiation injury.
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